ABSTRACT Fö rster resonance energy transfer (FRET) has become an important tool for analyzing different aspects of interactions among biological macromolecules in their native environments. FRET analysis has also been successfully applied to study the spatiotemporal regulation of various cellular processes using genetically encoded FRET-based biosensors. A variety of procedures have been described for measuring FRET efficiency or the relative abundance of donor-acceptor complexes, based on analysis of the donor fluorescence lifetime or the spectrally resolved fluorescence intensity. The latter methods are preferable if one wants to not only quantify the apparent FRET efficiencies but also calculate donor-acceptor stoichiometry and observe fast dynamic changes in the interactions among donor and acceptor molecules in live cells. This review focuses on a comparison of the available intensity-based approaches used to measure FRET. We discuss their strengths and weaknesses in terms of FRET quantification, and provide several examples of biological applications.
INTRODUCTION
The spatiotemporal localization of molecular interactions is of key importance for understanding the signaling processes that coordinate cellular function. Typically, although proteins vary in size by up to tens of nanometers, the resolution of standard fluorescence microscopy is an order of magnitude larger. Recent developments in superresolution microscopy have successfully overcome this optical resolution limit for particular applications; however, direct imaging of protein-protein interactions remains elusive. Förster resonance energy transfer (FRET) is a physical process in which weak electronic coupling occurs between two excitable molecules with 1), overlap of donor emission and acceptor excitation spectra; 2), favorable orientation of their transition dipole moments; and 3), close proximity, leading to the quenching and sensitization of donor and acceptor molecules, respectively (1) (2) (3) . Over the last few decades, various features of this physical process have been exploited for the development of tools to investigate molecular interactions that occur at distances far below the diffraction-limited resolution.
Many previous reviews have discussed the main principles and biological applications of FRET (4-7); therefore, in this work we provide a detailed overview of approaches for quantifying and interpreting FRET. We briefly discuss the advantages and disadvantages of methods that use either fluorescence lifetimes or spectrally resolved intensity measurements, with a particular focus on the various intensity-based approaches. We compare intensity-based FRET methods in terms of the required assumptions, limiting constraints, and the experimental work flow, including reference, calibration, and sample measurements. Finally, we provide several examples of the successful application of spectral FRET methods to investigate biological questions.
APPARENT VERSUS CHARACTERISTIC FRET EFFICIENCY
Although FRET efficiency is clearly defined as
where k ET is the energy transfer rate constant and P k sums all depletion rates of the donor excited state, the meaning of FRET efficiency can vary considerably depending on the scale of one's perspective. Macroscopically, any increase in donor quenching and sensitized emission from a sample can be interpreted as an increase in FRET efficiency. If each donor within the macroscopic ensemble is examined individually, the same change can be interpreted not as a change in E or as a change in the fraction of donors that participate in FRET complexes, while the FRET efficiency E of the individual donor-acceptor FRET complexes remains constant. In the following, we distinguish between these situations by defining the characteristic FRET efficiency according to Eq. 1 (8) , and the apparent FRET efficiency as the efficiency measured from the macroscopic point of view. The apparent FRET efficiency can be defined as the average of all characteristic FRET efficiencies present in a sample weighed by the fraction of the relevant fluorophores. In a sample with partial interaction of donor-and acceptor-labeled molecules, two apparent FRET efficiencies can be measured. One is the characteristic efficiency of interaction scaled by the fractional occupancies of the donor, f D , and the other is scaled by the fractional occupancy of the acceptor, f A , given as
respectively, where ½DA is the concentration of donoracceptor FRET complexes and ½D t and ½A t are the total donor and acceptor concentrations, respectively. We will show that either Ef D or Ef A can be measured depending on the specific form of the analysis. This distinction is important for biological applications in which interactions among donor and acceptor molecules are of central interest. In such cases the fractional occupancies, rather than the magnitude of E, will provide information about the degree of interaction.
FLUORESCENCE-LIFETIME APPROACHES
When the criteria for FRET are fulfilled, an additional depletion pathway of the excited donor state becomes available. This reduces the donor fluorescence lifetime and allows the energy transfer efficiency to be determined as E ¼ 1 À t DA =t D , where t DA and t D are the fluorescence lifetimes of the quenched and free donor, respectively. These quantities can be measured directly by time-correlated single-photon counting (TCSPC), in which fluorescence decay histograms are compiled from fluorescence photon arrival times after pulsed excitation. The major advantage of this strategy is that the measurements themselves do not require extensive calibration. Furthermore, these measurements are relatively robust, lacking many of the artifacts that plague other approaches. Because TCSPC probes individual donor fluorescence events in serial, this method has the ability to provide information about the discrete FRET states as well as the donor fractional occupancy by f D ¼ A DA =ðA DA þ A D Þ, where A DA and A D are the amplitudes of the individual decay components. However, it is not possible to obtain f A by fluorescence-lifetime measurements, because the acceptor fluorescence is usually not considered. Another major drawback of this method is the large amount of photons that must be collected to build fluorescence-decay histograms, which is necessary to fit data with the reasonable accuracy. This is particularly problematic when one attempts to build histograms from which separate decay components can be resolved. Accordingly, changes in FRET can only be measured with relatively low spatiotemporal resolution. As a faster alternative to TCSPC, one can quantify the fluorescence lifetime in the frequency domain by measuring the phase shift and amplitude between the modulation of excitation and emission. Although the temporal resolution of this approach is much higher, only a fraction of the emitted photons are used for evaluation. On the other hand, because the signal/noise ratio of all fluorescence measurements is ultimately limited by photobleaching, efficient photon use is of paramount concern for FRET quantification. Additionally, it is difficult to distinguish multiple fluorescence lifetimes in the frequency-domain method using one modulation frequency, although the polar plot approach (9-11) tries to overcome this problem. With rare exceptions (12, 13) , most applications of fluorescencelifetime measurements do not separate exponential components, and thus only the mean lifetime, which cannot be used to quantify E or Ef D , is measured. On the other hand, fluorescence-lifetime FRET approaches allow the use of dark acceptors (14, 15) , which cannot be applied by the most intensity-based approaches.
INTENSITY-BASED FRET APPROACHES
Alternatives to fluorescence-lifetime imaging microscopy (FLIM) include intensity-based approaches that can differentially exploit the complete spectral range. The ability to distinguish between donor and acceptor fluorescence minimizes the waste of photons, and the equipment required for intensity-based approaches is standard in most laboratories. The fluorescence emission from donor and acceptor fluorophores undergoing FRET is the superposition of five quantities: the donor fluorescence from 1), free donor ½D and 2), donor acceptor complexes ½DA scaled by (1 À E); and the acceptor fluorescence from 3), free acceptor ½A; 4), directly excited acceptor in donor acceptor complexes; and 5), acceptor emission resulting from energy transfer from a donor within a donoracceptor complex:
where the subscripts D and A refer to donor and acceptor, respectively, and the superscript i refers to the i-th excitation wavelength. F i ðlÞ is the measured fluorescence spectrum, I
i is the excitation intensity, h i ðlÞ is the device transfer function, ε i D;A are the extinction coefficients, Q D;A are the fluorescence quantum yields, and e D;A ðlÞ are the unit area normalized fluorescence spectra. Due to this complexity, it becomes apparent that the direct determination of FRET efficiency from spectrally resolved intensity-based measurements is not possible without additional information. Accordingly, unlike fluorescencelifetime measurements, most spectral approaches make certain assumptions (e.g., acceptor photobleaching (APB) requires the fluorophores to be fixed in space, and linear unmixing FRET (lux-FRET) relies on fluorescence quantum yields of both donor and acceptor) and require reference and calibration measurements for a quantitative interpretation of the results.
APB
The most common intensity-based FRET approach, APB, measures the donor emission intensity in the presence and absence of the acceptor. This is achieved by measuring the donor fluorescence intensity before and after selective bleaching of the acceptor (16) (17) (18) . Generally, this method requires irreversible bleaching, which limits it to a single measurement, and is commonly applied to fixed samples to prevent diffusion artifacts. However, the development of photoreversible organic dyes and fluorescent proteins has raised the possibility of using this approach for dynamic measurements in live cells (19, 20) .
FRET quantification with this method is similar to that achieved with fluorescence-lifetime methods, but relies on intensity information about the donor before (F DA ) and after (F D t ) APB, rather than fluorescence-lifetime decays. Moreover, the computed quantity Ef D ¼ 1 À F DA =F D t is sensitive to errors caused by reabsorption, nonuniformity in the illumination/bleaching beams, and aberration in the excitation and emission beam path. Further corrections must be applied to compensate for incomplete acceptor bleaching and bleaching artifacts of the donor during acquisition. Because this technique is based on the donor emission only, the user receives no information about Ef A . The advantage of this strategy, however, lies in its simplicity. APB measurements do not require any specialized equipment, except for a spatially defined bleaching capability, and thus can be performed on a wide range of instruments. In most cases the donor emission spectra are well separated from those of the acceptor, and thus no unmixing is required. A change in donor fluorescence intensity alone provides very clear evidence of FRET, and Ef D can be calculated through a relatively simple analysis.
Semiquantitative sensitized emission
FRET can also be identified by measuring the acceptor emission resulting from donor excitation. In practice, however, an acceptor emission channel is often polluted by bleed-through of the donor emission. Youvan et al. (21) introduced a filter-based method to extract acceptor fluorescence intensity changes while correcting for donor direct acceptor excitation and donor bleed-through (21):
For this method, three measurements are required. First, at an excitation wavelength that directly excites the donor, the emission is measured in the acceptor and donor channels, F ex D ;em A and F ex D ;em D , respectively. Next, fluorescence is measured in the acceptor channel F ex A ;em A at an excitation wavelength that selectively excites the acceptor. The amount of donor bleed-through into the acceptor channel is determined by a donor-only measurement, which pro-
. In an acceptor-only measurement, the extent to which the shortwavelength excitation directly excites the acceptor is determined relative to the excitation at the longer wavelength. This results in the constant a ¼ F . It should be noted that although the donor bleed-though into the acceptor channel is considered and corrected for, any acceptor bleed-through into the donor channel is neglected. Methods that use these three measurements are collectively known as three-cube methods, reflecting the need to use three different filter cubes to perform the measurements. Both of the calibration constants, a and b, are fluorophore and system specific, and may vary with the performance of the device. Thus, occasionally it may be necessary to repeat the donor-only and acceptor-only reference measurements.
It is also notable that the nF, as provided by Eq. 4, does not represent a characteristic or even apparent FRET efficiency, and instead provides a value that varies with FRET (22) 
. Quantitative correlation of such FRET indices with physical processes or with the terms of Eq. 3 is unclear, as even the most extensively corrected approach, N FRET , has been shown to be nonlinear with respect to changes in E and fractional occupancies (25) . Unfortunately, these strategies have been adopted by device manufacturers and are often found in microscope acquisition and image-processing software. Consequently, these methods continue to be widely used, even in the presence of several better-defined alternatives.
FRET stoichiometry-three-cube quantification
A quantitative solution to determine the apparent FRET efficiency from measurements of acceptor intensity was proposed by Lakowicz (8) in the form of
where ε are the extinction coefficients of the donor and acceptor, respectively, at donor excitation. It should be noted that the fractional occupancy of acceptor which we denote as f A here is called f D in (8) . This equation cannot be directly applied as written, and can only be used in the hypothetical situation in which the acceptor in a FRET sample can be measured in the absence of the donor.
More recently, Hoppe and colleagues (25) applied corrections for donor bleed-through and excitation cross talk to Eq. 5 to quantify apparent FRET efficiency with sensitized emission measurements using a three-cube microscope setup. The resulting equation, Biophysical Journal 103(9) 1821-1827
, still requires information about the relative excitability of the donor and acceptor at the donor excitation wavelength. By applying Eq. 6 to a reference measurement of a donor-acceptor tandem construct with known characteristic FRET efficiency, as measured from fluorescence-lifetime measurements, one can determine g. Hoppe et al. (25) further extended this approach by taking into account the donor quenching due to FRET, and were able to calculate the donor-dependent apparent FRET efficiency:
as well as the donor acceptor ratio:
To calculate Ef D and R t , one must determine the constant x, which contains information about the donor and acceptor quantum efficiencies and the device detection efficiency, in a manner similar to that used for g, by applying reference measurements of a known FRET efficiency construct and solving Eq. 7.
Thus, in addition to quantifying a and b from donor-only and acceptor-only reference measurements in a manner similar to that described by Youvan et al. (21) , one must perform an additional reference measurement of a donoracceptor tandem construct with known FRET efficiency to determine g and x. Furthermore, the excitation wavelengths and emission channels are constrained as in the calculation of nF, such that ex A does not excite the donor and no acceptor emission occurs in the donor channel.
FRET stoichiometry has been packaged into an easily implemented and clearly documented ImageJ plug-in. However, although only a single additional reference measurement is required to apply the FRET stoichiometry approach, the nonquantitative, nF-like approaches continue to be used more frequently for a variety of biological applications.
Spectral RET
In 2005, Thaler et al. (26) presented a quantitative FRET approach that uses spectral imaging detectors. In that work, the fluorescence signal from a FRET sample was discussed as a superposition of three quantities: 1), the quenched donor emission; 2), the acceptor emission from direct excitation; and 3), the acceptor emission sensitized through FRET: 
where d and a i are the apparent concentrations obtained from linear unmixing, Dk ¼ k 2 À k 1 and Da ¼ a 2 À a 1 . Unfortunately, the spectral RET approach requires reference samples of known concentration (i.e., purified fluorescent proteins). Furthermore, variation in excitation power, wavelength, bandwidth, and pulse width prevents the use of predetermined references. In addition, spectral RET does not explicitly consider free donor and acceptors in the sample; rather, it states that in the presence of free donor and free acceptor, E becomes a certain weighted average E. Also, the explicit relation of spectral RET to Ef D and Ef A remains unclear.
Lux-FRET
Inspection of Eq. 3 indicates that the measured spectrum F i ðlÞ from a sample (or pixel of an image) that contains a mixture of unpaired acceptors at concentration ½A, unpaired donors ½D, and donor-acceptor complexes ½DA is a linear superposition of terms (the first row in Eq. 3) that have the emission properties of the donor and others that have the emission properties of the acceptor. By rearranging Eq. 3, we obtain
This suggests a spectral separation either by linear unmixing or by fitting with the sum of the scaled donor and acceptor
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Furthermore, a consideration of the spectral parameters of the reference measurements yields
where r ex;i are the ratios of excitation strengths (donor/ acceptor) at excitation wavelengths i.
Substituting Eq. 16 into Eqs. 14 and 15, and considering two excitation wavelengths results in four equations for three unknowns ð½D t , ½A t , and E½DAÞ. Disregarding d 2 , which represents the excitation of donor at the second (long) wavelength, which is usually very small, leaves three unknowns to be calculated, resulting in (27) .
Lux-FRET corrects for bleed-through, cross talk, and unpaired fluorophores in two well-separated steps: First, it takes bleed-through into account in a rigorous way by separating the spectral components. Thus, it does not need to restrict data acquisition to well-separated spectral channels, and instead uses photons from the whole spectrum for the fitting process, resulting in better efficiency of photon usage (26) . It should be also noted that the equivalent of the threecube measurement is readily performed using two filter cubes for two excitations, with a beam splitter that separates the emission into two channels. Linear unmixing in this case is reduced to solving two linear equations with two unknowns (see Appendix 1 in Wlodarczyk et al. (27) ). In a second step, by solving Eqs. 14 and 15, the method takes the contributions of unpaired donors and acceptors rigorously into account. For cases in which one can assume a time-invariant and uniform donor/acceptor ratio (as in the case of tandem construct sensors), one can employ simplified imaging modes to measure lux-FRET (1). For example, after an initial spectrally resolved dual-excitation calibration, the user can perform repetitive single-excitation wavelength measurements to quantify Ef D at high temporal resolution.
Practically, lux-FRET can be performed on all devices that offer spectral resolution, such as spectrofluorometers and spectral detectors in imaging systems (Zeiss 510 META, Zeiss 710/780, and Nikon A1), as well as on filter-based systems.
APPLICATIONS OF QUANTITATIVE, INTENSITY-BASED FRET METHODS
The aforementioned intensity-based FRET approaches have been extensively used to analyze different aspects of protein-protein interactions in live cells. In addition, spectral FRET analysis has been successfully applied to study the spatiotemporal regulation of various cellular processes using genetically encoded FRET-based biosensors. The main advantage of these approaches in biological applications is that they allow one to not only detect and quantify apparent FRET efficiencies but also to calculate donoracceptor stoichiometry and even relative interaction affinity. Moreover, the combination of spectral FRET approaches with microscopy provides the unique possibility to monitor macromolecular interactions in live cells with high resolution in real time.
For example, FRET stoichiometry (25) has been used in a couple of studies to analyze the molecular mechanism of phagocytosis in macrophages, particularly the contributions of small GTPases (e.g., Cdc42, Rac1, Rac2, Arf1, and Arf6) to this process. Analysis of the activation dynamics of endogenous small GTPases by FRET revealed that their activity was mostly restricted to phagocytic cups (28) . Moreover, FRET analysis indicated distinct patterns of GTPase activation during phagocytosis: activation of Cdc42 occurred at the tip of pseudopodia, whereas Rac1 and Rac2 were preferentially active in phagocytic cups during phagosome closure. FRET stoichiometry also showed that the small GTPases Arf1 and Arf6 possess a different activation profile (i.e., activated ARF6 was concentrated at the tip of pseudopodia, whereas activated Arf1 was distributed throughout the forming phagosome) and coordinate different functions of the phagosome forming in a PI3K-dependent manner (29) . In a subsequent study using similar experimental strategies, Beemiller et al. (30) demonstrated that the interdependent activities of PI3K and Cdc42 are critically involved in organizing the actin dynamics in the phagocytic cup. In parallel, FRET stoichiometry was extended to three-dimensional FRET reconstruction microscopy, which allows for high-resolution four-dimensional (x,y,z,t) imaging of molecular interactions (31). This novel approach was then used to elucidate spatiotemporal details of the signaling framework involved in the formation of macropinosomes in macrophages (32) .
Another very broad field of applications for intensitybased FRET approaches is the analysis of protein oligomerization and clustering. For example, Meyer and colleagues (33) improved the sensitized acceptor emission FRET approach and investigated the oligomerization state of the neurokinin-1 receptor (NK1R). They demonstrated that functional NK1Rs exist as monomers at the physiological expression level. The same approach was used to analyze the clustering of different heterotrimeric G-proteins in microdomains (34) . This study revealed that G-proteins belonging to the G i and G q families show activation-specific microdomain localization, which may be responsible for their specific interaction with effectors. Another method of choice for analyzing protein-protein interaction is lux-FRET (27) . As discussed above, this approach allows one to calculate and visualize (Fig. 1) (Fig. 1 ). More importantly, by combining lux-FRET with an appropriate dimerization model, we were able to calculate the relative dissociation constants for hetero-and homodimers, which allowed us for the first time, to our knowledge, to compare the relative concentrations of homo-and heterodimers, as well as the corresponding monomers, under physiological conditions (37) .
Because lux-FRET analysis also allows one to estimate the fraction of molecules that participate in complexes, this approach was used to verify the role of transmembrane domains TM4/TM5 as an interaction interface in 5-HT 1A receptor dimers (38) . In addition, lux-FRET was applied to verify homodimerization of the Src Homology 3 domain of the Ca 2þ channel b-subunits (39), as well as to demonstrate a specific interaction between the survival motor neuron protein and profilin2a (40) .
The above-mentioned applications clearly demonstrate that FRET approaches that deliver well-defined parameters should be selected depending on the given question and experimental conditions. There is no universal approach that can be applied to all experimental situations, and each described technique has specific advantages and disadvantages compared with the others. If the fluorescence quantum yields of the individual fluorophores are known, the lux-FRET approach may provide the best quantitative results because it is sensitive and requires only minimal calibration efforts. However, if the fluorescence quantum yields are not known, it is advisable to apply either the FRET stoichiometry (if reference samples are available) or spectral RET (if the appropriate equipment is available). On the other hand, if the donor fluorescence decay is monoexponential, fluorescence-lifetime FRET may be a potential alternative to the spectral approaches because it can provide both E and Ef D . The selection and design of the particular FRET approach should be tailored according to the specific application.
